1. Introduction {#sec1}
===============

Dehydroacetic acid (DHAA, **1**, [Figure 1](#fig1){ref-type="fig"}, left) is an organic compound derived from the condensation of ethyl acetoacetate \[[@bib1]\], which is widely used as fungicide, herbicide and preservative. This is due to some interesting properties such as good stability, low volatility \[[@bib2]\], and powerful antimicrobial effect against yeasts, molds and bacteria. Among other properties, it is a Vitamin C stabilizer, particularly useful in the food industry \[[@bib3]\] and as anti-enzyme agent that found application in toothpastes to reduce pickle bloating \[[@bib4]\]. In addition, it is commonly used in the syntheses of metal complexes \[[@bib5]\] and derivatives such as piranopirazoles \[[@bib6], [@bib7]\]. Another important application is its widespread use in the cosmetics industry that exposes **1** to direct sunlight when used for skin face powders and creams. Izawa *et al.* \[[@bib8]\] was the first group to report on the effect of light upon **1** and found that it acts as photosensitizer, promoting photoisomerization of aldrin and dieldrin after irradiation with a Xe lamp and a cutoff filter below 290 nm. In this study, we explore a comprehensive research about the photochemical degradation/reaction of **1** at 254 nm due to the versatility of its usage and the lack of related works. To better comprehend its photochemical behavior, two similarly structured compounds were also studied; HAP **2** ([Figure 1](#fig1){ref-type="fig"}, center) and ACH **3** ([Figure 1](#fig1){ref-type="fig"}, right). Compound **2** is generally used in the synthesis of Schiff bases to later use these bases as ligands in metal complexes \[[@bib9]\] which may present antifungal and antibacterial activities \[[@bib10]\], and ACH has been used as a precursor in heterocyclic compounds synthesis \[[@bib11]\] and as ligand in iridium \[[@bib12]\] and iron(III) \[[@bib13]\] complexes. The structural similarity sought in this work has to do with the presence of the same chromophores (β-carbonyl groups) as well as the possibility of rapid interchange between keto and enol tautomers. Precisely, a recent study by Sarkar *et al.* \[[@bib14]\] reported that HAP undergoes excited state intramolecular proton transfer (ESIPT) on their singlet excited state to form the corresponding keto tautomer, which is not stable and reverts to its enol tautomer, either via ground-state intramolecular proton transfer (GSIPT) or by interacting with the solvent. Finally, this report also presents a UV absorption study (both experimental and computational) to understand the nature of the electronic transition involved at that wavelength of irradiation.Figure 1Compounds studied in this work.Figure 1

2. Materials and methods {#sec2}
========================

2.1. Materials {#sec2.1}
--------------

Compound **1** (98%) was supplied by Aldrich Chemical Company whereas **2** (99%) and **3** (99%) by Sigma-Aldrich. Acetonitrile (ACN, HPLC 99.5%) and ethanol (99.8%) were provided by Sintorgan and Merck, respectively. Water was purified using a reverse osmosis RIOS 5 and Synergy (Millipore) (resistivity 18.2 MΩcm, DOC \<0.1 mg L^−1^). Acetone-*d*~6~ and acetonitrile-*d*~3~ were used to obtain the NMR spectra, both provided by Sigma-Aldrich. All solvents and chemicals were used as received without further purification.

2.2. Irradiation and thermal studies methods {#sec2.2}
--------------------------------------------

Irradiation was conducted using four low pressure mercury lamps emitting at 254 nm. The reaction was conducted in a quartz cell with an optical path of 1 cm open to the atmosphere.

The solutions were prepared in ACN and the reaction cell was thermostatted at 25 °C. UV-visible spectra were recorded on an Agilent 8354 spectrophotometer. Thermal stability studies were conducted at 50 °C and were followed by UV-Vis spectroscopy for 1 h taking measurements every 5 min.

FT-IR spectra were recorded with a FTIR Bruker IFS28 spectrometer (2 cm^−1^ resolution and 4000-400 cm^−1^ interval) using KBr disks painted either with the photolysis crude before or after irradiation. NMR spectra were obtained with a 400 MHz Bruker Advance II spectrometer.

3. Theoretical calculations {#sec3}
===========================

The ground state geometry of all possible tautomers and conformers for **1**, **2** and **3** were fully optimized employing the Gaussian09 program suite \[[@bib15]\], in a similar way to our previous works \[[@bib16]\]. The hybrid B3LYP functional method \[[@bib17], [@bib18]\] was used in combination with the 6-31+G(d,p) basis set for the expansion of the Kohn-Sham orbitals for all the atoms. The polarizable conductor calculation model of solvation (CPCM) was used \[[@bib19], [@bib20]\]. The gradient threshold for geometry optimization was 4.5×10^−4^ Hartree/Bohr. A frequency analysis at the same level of theory was used to verify that they correspond to a minimum in the potential energy surface. Electronic, translational, vibrational and rotational contributions to the partition function were determined and a population distribution was calculated for every compound according to Boltzmann distribution equation \[[@bib21]\]. MOs were also obtained, and their composition was calculated with the GaussSum software \[[@bib22]\].

The excited state properties were calculated with the time-dependent density functional (TDDFT) formalism. Whereas semi-empirical approaches have been used to study other systems \[[@bib23]\], TDDFT \[[@bib24], [@bib25], [@bib26]\] is based on first principles, which enables the analysis of excitation energies, oscillator strengths and polarizabilities of larger systems. TDDFT in combination with the B3LYP hybrid functional and the 6-31+G(d,p) basis set has previously been shown to provide accurate energies for excited states within 0.2 eV (5 kcal mol^−1^) \[[@bib27]\]. Theoretical coefficients (ε~calc~) have been calculated as \[[@bib28]\]:$$\varepsilon_{calc} = f\  \times \ 2.699\  \times \ \frac{10^{4}}{b}$$where *b* is the band width and *f* the oscillator strength.

4. Results and discussion {#sec4}
=========================

4.1. Tautomerism and conformational analysis {#sec4.1}
--------------------------------------------

A thorough conformational analysis of all the possible isomers and conformers for **1**, **2** and **3** was performed using the Gaussian09 Program \[[@bib15]\]. This was implemented both in vacuum and in ACN employing an implicit solvent. Computational conformational studies as well as energetic and population characteristics of the different isomers of **1**, **2** and **3** are presented in Supplementary data in pages S4--S54 and Tables S2--S4. The most stable structures are the enolic form in all cases. The contribution of diketo or triketo tautomeric forms are negligible. We believe that the low stability of these forms is because the ring aromaticity is lost in **2**, whereas an absence of conjugated bonds is involved in **1** and **3**.

For the most stable forms there are two possible structures, the *endo*-cyclic (enol **a**) and the *exo*-cyclic (enol **b**), which are presented in [Figure 2](#fig2){ref-type="fig"}a. The *endo* form is always more stable than the *exo*. Nevertheless, the proportion of both enol tautomers for each compound differs. Regarding compound **1**, the *endo*-**a** structure has a higher conjugation, giving an *endo*:*exo* proportion of 91:9. In **2**, *endo*-**a** form is present exclusively, in view of the fact that the *exo* compound has lost its aromaticity. Finally, for **3**, both *endo* and *exo* structures are equally conjugated (*endo*:*exo* 55:45, respectively).Figure 2\[a\] *Endo-* and *exo-*enol structures and population percentages; \[b\] shapes, types and energies (in parenthesis) of the *endo*-enols-**a**\'s MOs as calculated by DFT (B3LYP/6-31+G(d,p)) method in ACN (isovalue = 0.06).Figure 2

4.2. Analysis of MO formation {#sec4.2}
-----------------------------

As seen in [Figure 2](#fig2){ref-type="fig"}b, morphologies, types and energies of the MOs for the *endo*-enols-**a** conformations are presented. The MOs compositions were obtained using the GaussSum software \[[@bib22]\].

The occupied MOs HOMO-1 of **1** and HOMO of **3** present a nodal plane perpendicular to the ring moiety and are attributed to non-bonding MOs (97 and 99%, respectively). On the other hand, in the HOMO of **1** and the HOMO-1 of **3**, there is an electronic contribution to the MO from both the π electrons of the double bonds and the lone-pair electrons of the oxygens (29 and 40%, respectively). In regard to **2**, both HOMO-1 and HOMO orbitals present a nodal plane parallel to the plane of the ring. The former presents a contribution of 91% of the MOs from the ring double bonds whereas for the latter is only 78% plus a lone-pair contribution (21%) from the oxygen. This contribution to the MO increases as the conjugated π system decreases, with **2** having the lowest and **3** having the highest contribution to an n type MO.

For all compounds, both the LUMO and LUMO+1 orbitals present a π^∗^ symmetry, in which the main contribution comes from the carboxylic and carbon-carbon double bonds.

4.3. UV absorption measurements {#sec4.3}
-------------------------------

UV spectra of **1**, **2** and **3** were recorded in ACN ([Figure 3](#fig3){ref-type="fig"}a), EtOH and H~2~O in order to obtain information about the nature of the transitions involving the main bands (Experimental UV spectra of **1**, **2** and **3** in different solvents are given in Figures S1--S3 in Supplementary data). The spectra band maxima were determined for each of them and corroborated with second derivative spectra. Their molar absorption coefficients were also calculated and presented in [Figure 3](#fig3){ref-type="fig"}b.Figure 3\[a\] UV spectra in ACN; \[b\] **λ**~max~ (nm) and **ε** (M^−1^cm^−1^) in different solvents.Figure 3

Three distinct absorption bands, which decrease in intensity as wavelength increases can be seen for **2**, whereas only two absorption bands are observed for **1** and **3**. When changing polarity of the solvent, no apparent shift was discerned for the three maxima of **2**. Therefore, the nature of the electronic transitions could not be straightforwardly resolved. Nonetheless, a hyperchromic effect was noted in ethanol. In contrast, a bathochromic shift of the most energetic band maxima was identified in **1** and **3** when the polarity of the solvent increased, which is typical for π→π^∗^ electronic transitions. Similarly, a hypsochromic shift for the lowest energy band was also detected, denoting an n→π^∗^ electronic transition. It is widely known that the behavior in π→π^∗^ electronic transitions can be attributed to an increase in the polarity of the molecule in the excited state which is stabilized through dipole-dipole interactions. On the other hand, the polarity\'s increase of the solvent in n→π^∗^ electronic transitions stabilizes the fundamental state via solvation of the non-bonding electron pair \[[@bib29]\].

4.4. UV absorption calculations {#sec4.4}
-------------------------------

Given that the nature of the electronic transitions was not discernible in all cases, TDDFT calculations were used to simulate the UV spectra and to ascertain which MOs are involved in each transition. The B3LYP functional method was used to carry out these calculations with 6-31+G(d,p) as a basis set. These calculations were only performed in ACN because there is no noticeable trend of the shifts using different solvents as it was previously seen and reported \[[@bib30]\] (UV Spectra of **1**, **2** and **3** and transitions of the monoenols obtained by calculations are presented in Figure S10a-c in Supplementary data). [Table 1](#tbl1){ref-type="table"} lists for the *endo*/*exo*-enols their oscillator strengths and compares the calculated absorption coefficients and wavelengths with the experimental ones. It can be observed a remarkable accordance between them. The orbitals involved and the type of transition are also listed.Table 1Experimental (solvent: ACN) and theoretical (TDDFT) characteristics of **1**, **2** and **3**.Table 1EntryCompound (% *endo*/*exo*-enol)Experimental[a](#tbl1fna){ref-type="table-fn"}Calculated (TDDFT)[b](#tbl1fnb){ref-type="table-fn"}Transition (% *endo*/*exo*-enol)[c](#tbl1fnc){ref-type="table-fn"}Assignment$\mathbf{\lambda}_{\mathbf{\max}}^{\mathbf{\exp}}$ε~exp~*Endo-*enol*Exo-*enol$\mathbf{\lambda}_{\mathbf{\max}}^{\mathbf{calc}}$*f*ε~calc~$\mathbf{\lambda}_{\mathbf{\max}}^{\mathbf{calc}}$*f*ε~calc~1**1** (91/9)224103002240.17113002250.042600H→L+1 (82/96)π→ π^∗^2312129002980.31208002920.2617900H→L (98/96)n→ π^∗^3**2** (100/0)212285002020.2114100------H-1→L+1 (40); H→L+3 (40)π→ π^∗^42140.2416300------H→L+1 (75)π→ π^∗^5251127502500.2617400------H-1→L (90)π→ π^∗^632447603180.117200------H→L (96)n→ π^∗^7**3** (55/45)230158002250.30200002240.2919500H-1→L+1 (92/86)π→ π^∗^8275134002530.27182002580.2617500H-1→L (96/97)n→ π^∗^[^1][^2][^3]

All four electronic transitions, involving the four MOs previously discussed, are permitted in **2**, considering that they do not present any restrictions in their symmetry. On the other hand, the HOMO-1 of **1** and HOMO of **3** are constricted by symmetry and their possible electronic transitions are therefore optically inactive. Additionally, in all compounds, the electronic transitions are π→π^∗^, except for the least energetic ones. In the latter case, the assignment could be n→π^∗^ (in accordance with the experimental evidence) because a lone pair electron from the oxygens is the most likely to transfer to the LUMO for the least energetic electronic transition.

4.5. Photolysis of DHAA {#sec4.5}
-----------------------

Photochemical reactions of **1** at wavelengths over 300 nm have been described in the review published by Jilalat *et al.* \[[@bib31]\] They reported that if the photoreaction (visible light) is carried out with an excess of cyclohexene, a mixture of cycloadducts is obtained, [Scheme 1](#sch1){ref-type="fig"}. The products were identified via ^1^H-NMR and they proposed these compounds came from two different \[2+2\]-cycloadditions; one on the C5=C6 (*endo-*double bond) and the second on the C3=C7 (*exo-*double bond) which correspond to our enols **1a** and **1b**, respectively.Scheme 1\[2+2\]-cycloaddition of **1** with cyclohexene from tautomers **1a** and **1b**.Scheme 1

On the other hand, De Vaugelade *et al*, \[[@bib32]\] performed the photochemical degradation of **1** with a Xenon arc lamp using a natural light filter (for a realistic reproduction of the solar spectrum). They detected four photoproducts in the ACN solution after irradiation, two of them identified as dimers coming from its own \[2+2\]-cycloaddition ([Scheme 2](#sch2){ref-type="fig"}), and relative amounts estimated by integrating the chromatographic peaks on the GC/MS.Scheme 2\[2+2\]-cyclodimerization of **1c** tautomer previously reported.Scheme 2

The authors, though, proposed that all products come from tautomer **1c**, which is practically absent in ACN solution, as it was discussed. This contradiction could probably be understood on account of the experimental technique used, since the identification was done only through MS. It is noteworthy to mention that our work is the first report about the population analyses and UV degradation of **1** at wavelengths \<300 nm. In our case, the photolysis was accomplished at 254 nm and it was followed using UV spectroscopy. As it is possible to see in [Figure 4](#fig4){ref-type="fig"}, the intensity of both absorption bands diminishes as time goes by during the photolysis; nevertheless, no new absorption bands were found. On account of these results, we could prematurely conclude that the photodecomposition products do not possess a chromophore moiety that absorbs in the UV-Vis region of the electromagnetic spectrum. In addition, photolysis at different temperatures showed that the thermal contribution to decomposition is negligible in the temperature interval tested (293--313 K). FTIR spectra of **1** before and after the photolysis revealed the appearance of a vibrational band corresponding to O--H stretching (FTIR (KBr) spectrum of DHAA **1** is given in Figure S6 in Supplementary data).Figure 4Photolysis of **1** in ACN (303 K) and air atmosphere at 254 nm followed via UV spectroscopy.Figure 4

Insight into the mechanistic aspects of the photodegradation of **1** is gained by comparing the evolution of spectral features in the photolysis of two similar structures (**2** and **3**) in the same experimental conditions. No significant decay of their absorption bands was detected during the irradiation period for any compound. In fact, the decay rate shows significant differences ([Figure 5](#fig5){ref-type="fig"}). Particularly, compound **1** degraded rapidly whereas **2** and **3** did not (decay rates of the photolysis of **1**, **2** and **3** and their ratio are given in Table S1 in Supplementary data).Figure 5Ln(A/A~0~) vs time of **1**, **2** and **3** in ACN.Figure 5

A comparison of the decay rates showed that the degradation of **2** and **3** are 30 and 15 times slower than for **1**, respectively. Compound **2** has been reported to undergo ESIPT \[[@bib14]\] on its singlet excited state to form the corresponding *exo*-enol tautomers. In spite of being unstable, they are able to regenerate their enol tautomers via GSIPT or by interacting with the solvent. In our experiments performed at 254 nm (irradiation in nitrogen- and oxygen-saturated ACN solutions), **2** and **3** resulted to be photostable leading us to think that the same photochemical channels (ESIPT followed by GSIPT) will be involved, [Scheme 3](#sch3){ref-type="fig"}.Scheme 3Photo-tautomerization mechanism proposed for **2** and **3**.Scheme 3

As denoted previously, the only compound that suffers decomposition at 254 nm is **1**. Bearing in mind that the main difference between the three structures is the heterocyclic moiety, we postulate that the C--O bond of the lactone plays an important role in its photodegradation. All photolysis reactions were followed by ^1^H-NMR in deuterated acetonitrile and all of them unveiled the formation of acetic acid as the unique decomposition product (^1^H-NMR and photolysis ^1^H-NMR study of DHAA **1** spectra are given in Figures S4--S5 in Supplementary data). Additionally, the possible interaction of oxygen in the mechanism of photodegradation was analyzed via an indirect singlet oxygen measurement method with cysteine \[[@bib33]\]. This essay confirmed that there was no energy transfer involved in the process and that neither the presence nor the absence of oxygen present a remarkable difference in the resulting product. Moreover, the photodecomposition of **1** takes place from the singlet-excited state and the intersystem crossing to the triplet excited state is insignificant with respect to the final outcome.

As denoted previously by Jilalat *et al.* \[[@bib30]\] and De Vaugelade *et al.* \[[@bib32]\], a \[2+2\]-cyclodimerization of **1** is a probable light promoted first step at wavelengths lower than 300 nm. With the exception of these recent works, there are, to the best of our knowledge, no previous mechanistic studies on the photoreaction of **1** under UV-light (254 nm). In this work, we propose to gather all the information available (ours and previous works), to design a mechanism of the photodegradation of **1** at 254 nm to yield acetic acid as unique photostable product, just as the one presented in [Scheme 4](#sch4){ref-type="fig"}. Here we suggest that, after the photoabsorption, the \[2+2\]-cyclodimerization reaction occurs from both major tautomers, **1a** and **1b**, yielding two isomeric cyclobutanes fused differently, structures 7-*trans* (*endo*) and 8-*trans* (*exo*), respectively (paths A and A′, [Scheme 4](#sch4){ref-type="fig"}). These unstable dimers undergo a Norrish Type I cleavage (NTIC), followed by a lactone ring opening, where bicyclic radical compounds bearing a ketene group as substituent are formed (compounds **9** and **10**, paths B--C and B′-C′, respectively). It is important to note that, similarly, through the resulting acyl radicals (**11**), other ketene is also formed (ethenone **12**, CH~2~=C=O), which in turn hydrolyzes to acetic acid. Unstable radicals **9** and **10** have a cyclobutane ring opening reaction, which affords, by two consecutive fragmentations, ketene radicals **13** (paths D-F and D′-F′). After hydrogen abstraction from the solvent, they hydrolyze to acetic acid. In the same way, acetylated DHAA radicals are formed (ADHAAs^•^, **14** and **14′**), that in a subsequent fragmentation re-start the cyclic photoinduced degradation (paths G and G′ respectively).Scheme 4Proposed photodecomposition mechanism for **1** in ACN at 254 nm.Scheme 4

Acetic acid is an ubiquitous organic acid and is present in the atmosphere at concentrations of few parts per billion by volume \[[@bib34]\]. Previous studies have shown that the pyrolysis of biomass, produces various organic compounds and generate ketene (ethenone **12**) as a major byproduct \[[@bib35]\]. It is well known that the hydrolysis of **12** generates acetic acid, therefore the photodegradation of **1** could potentially lead to an additional source of tropospheric acetic acid \[[@bib36]\].

5. Conclusions {#sec5}
==============

During the photochemical study at 254 nm of the three carbonyl compounds, only **1** is degraded whereas **2** and **3** are photostable. The decomposition is likely to occur through a \[2+2\]-cyclodimerization after UV light absorption (254 nm) from both major tautomers, wherein the *endo*-enol (90%) is more stable than the *exo*-enols due to hydrogen bond stabilization, as shown by the population distribution analysis. In addition, the size of the π-system plays a crucial role in the proportion of *endo*- and *exo*-cyclic enols, in which the *exo*-cyclic rises as the π-system size diminishes. As a very first-time characterization, the absorption and the electronic transitions for every tautomer were calculated and it was determined that the nature of the lowest energy transition type is n→π^∗^ for all compounds. Furthermore, photolysis of the dehydroacetic acid **1** at 254 nm generates ethenone **12**, which potentially could be other source of tropospheric acetic acid.
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[^1]: Peak maxima were determined using a second derivative-based method.

[^2]: TD-B3LYP 6-31+G(d,p).

[^3]: H-highest occupied MO (HOMO), L-lowest unoccupied MO (LUMO).
